The realisation of microwave integrated drcuits consisting of numerous elements and components, both passive and active, takes place in steps. Initially, experimental constituent elements are designed and constructed, and only after it is found that they satisfy the operating conditions, can they be integrated into a sub-system. As a result of this 
microwave elements have been elaborated using computer techniques. These programmes have differed from analogous ones for MIC realized by thin-film technology can be adapted, after certain modifications, to the realisation of MIC. The authors have introduced new technological operations, not used so far, to the technological process. This has made possible the production of thick-film microwave elements with parameters comparable to those obtained in thin-film technology.
1.0 THICK-FILM MICROWAVE ELEMENTS 2'a's '6 After reviewing the relevant literature 2'a's and after making a number of investigations of our own s'6 in the area of MIC thick-film constructions, it can be stated that at the present time it is difficult to speak of a general method of microwave integrated circuit construction. The method will depend on the technique of realisation, as well as on the type of circuit being designed. Assuming that the technology of production and the concept of the circuit meeting given utilisation requirements and electrical parameters are laid down, the realization of the circuit resolves itself into the design and preliminary construction of its constituent elements and microwave circuits. Only after obtaining information about the correctness of the particular designs and correcting them, if necessary, can one undertake to integrate the whole circuit. The authors have designed basic microwave elements such as: microwave resonators, hybrid rings, narrow and broadband filters, 3dB couplers, circulators, etc., and they have been constructed using thickfilm technology. The measurement of the frequency characteristics has been undertaken using a circuit Network Analyser, (Hewlett-Packard, type HP-8410S).
Paper originally presented at the 31st Electronic Components Conference held at Atlanta, Georgia, U.S.A. 5. Attenuation at frequency 8 GHz 30dB A filter, a section from which is shown in Figure 1 , was chosen. Such a filter has the following properties:
it has a second pass band at frequency 3 6Oo it has first order attenuation poles at frequency 6o 0 and 6o 2600 it can be realised for w from 0, 4 to 0, 7 and above. Meeting the last requirement of the design on the basis of the formula by Matthaei et al., 8 the number of reactance elements of the filter was determined as being equal to 8 i.e.
(N 8). The parameters of the filter were computed, using previous results. 8 The models of the microwave filters were made with the use of standard thick-film technology. Ceramic substrates made of 96% alumina ceramics were used and their dimensions were 50 x 30 x 0, 7 mm.
The substrates were initially sorted on the basis of their geometrical dimensions, mainly the thickness h (0, 7 mm) and the roughness. The tolerance of h was +--10/am and a surface roughness factor Ra of less than or equal to 0, 9/am was required.
Du Pont pastes were used for printing. These were:- Figure 6 shows the structure that was chosen.
The parameters of the ftlter were computed on the basis of the data given by Matthaei et al. 8 As before, Du Pont pastes were used to make the models. 2 The results of the measurements of the transmission characteristics are given in Figures 7 to 10. The basic parameters of the filters obtained from the transmission characteristics are summarized in Table II .
On analysing the results given in Table II one can see that in all the models of the filters the mid-band frequency fo is shifted in the direction of lower frequencies, on average by 0,1 to 0,3 GHz. Figure 9 shows the standing wave ratio (SWR) obtained as a function of frequency for the filters shown in Figure 7 , and Figure 10 shows similar curves for the filters shown in From an analysis of the SWR characteristics it is apparent that DP9791 paste (for different screens).
The results obtained can probably be explained as the result of not taking into consideration the K coefficient takes into account the kind of screen and conductive paste used.
THICK-FILM HYBRID RING
Directional couplers constitute a large group of passive microwave circuits with four inputs, i.e. "fourgates" which have a common characteristic of directional transmission and of the division of power of the input signals. One of the kinds of "fourgates" is the hybrid ring whose construction is shown in plane view in Figure 11 .
Data for the Design of a Hybrid Ring to be Constructed with the use oi' the Thick-film Tables III and IV. Analysis of Measurements Results:
Comparing the results of the measurements with the design one can conceive that they diverge somewhat from the theoretical computations. One can observe a deviation of midband frequency fo in the direction of higher frequencies, both for rings made with the DP9791 and DP9780 pastes. This is especially notable in the insulation characteristics of the rings.
From the characteristics obtained it can be clearly seen that insulation between gates (e.g. 1-3) is clearly dependent on frequency, but it is higher for models made with the use of the DP9791 paste than for those made with the use of the DP9780 paste.
FIGURE 12
Frequency characteristics of insulation hybrid ring. Paste" DP9791 (Au)" 330 Mesh,-260 Mesh. Transmission characteristics, C:1 or C41 , (Figures 14 and 15) show are more broadband than insulation characteristics of hybrid rings. Greater oscillations of the coupling is exhibited by models printed with the gold paste DP9791. In the models, for the printing of which the DP9780 paste was used, the oscillation of C4 is smaller, but the absolute value C41 is also smaller. Probably, as the coupling C41 decreases, the oscillation/xC4
will decrease for all types of conductive pastes. This seems to agree with the theory. On comparing the frequency characteristics obtained, one can draw the conclusion that the use of the DP-9791 paste can give better parameters than the use of the platinum-silver paste DP-9780.
The coupling values obtained are somewhat lower than the assumed value of 3 dB. This is probably a result of not taking into account the K coefficient in the computation of the hybrid ring.
Nevertheless, the results of the measurements of the microwave element should be considered as satisfactory. A coupling ranging within 3 dB is very difficult to obtain by means of other types of couplers in MIC constructions. For directional couplers it is difficult to produce a coupling slot of the order So 50 200/am, in thick-film technology. 
THICK-FILM RING RESONATORS
Ring resonators constitute quite a large group among resonators used in MIC. They have a simple construction and a high quality, higher than that of other strip resonators (e.g. rectangular). The advantages of these microwave elements prompted the present authors to make some models of ring resonators in thick-film technology. The suggestion was to make the designs of two ring resonators with different configurations. In the computation of ASL when coupled with the resonators, a computation programme was required. 6 The following requirements and materials were noted :- The result of the computation of Q and attenuation, a, are presented in Table 5 . Analysing the graphs given in Figure 18 one can observe that the resonant frequency of the ring resonator differs from the frequency f0 for which it was designed. The reso- 2 According to Getsinger, la in order to take into consideration the dispersion effect in making a design, one should introduce in the place of the effective dielectric constant e.F, the so-called real dielectric constant et, defined by Hartwig) 4 It follows 6 that taking into consideration the surface covering coefficient K in the design of a resonator causes a relative lengthening of the circumference of the ring resonator by 15-20% in relation to the previously computed one from the programme from Figure 16 . It is thought that this effect is the chief cause of the increase of resonant frequency.
By way of example for the case computed in 6 we obtain:-
where:
L R real circumference of ring resonator L theoretically computed circumference of ring resonator By introducing the formula to the design programme of the ring resonator we obtain:-k0(emp) kg 4et, x/K (2) Comparing both resonant frequencies, one computed theoretically without taking into consideration K fo and one computed with the coefficient K f02, we obtainfo fo e/_ (3) x/K X/ ef One can see here a good agreement of the experimental results with the theoretical ones, due to the application of the new coefficient K which takes into account, J.l. GONDEK, M.A. WJCICKI AND J. CffBER FIGURE 19 Block diagram of proposed technological process for production of thick-film MIC,6.
NEW TECHNOLOGICAL PROCESS OF PRODUCING THICK-FILM MICS
On the basis of the collected experimental material 2'a,4'6 and a study of the literature, 9'1 a new method of producing thick film ASL and MIC constructions has been evolved. Figure 19 shows a block diagram of the process. The quality of the conductive films produced is influenced mainly by preparatory operations including screening and firing. This group of operations must be subject to special control. It is suggested that for masking the screens for precise printing in MICs, the method of indirect masking should be applied. It is also possible to use screens made of metallized net. Microscope testing of the edges of the masks obtained is indispensable. For microwave integrated circuits it is necessary to introduce topological diagrams on a scale of 25:1 or 50:1 in order to obtain an adequately small error of mapping after the reduction of the topological diagrams to scale. The threads of the metal masks stretched on a frame, should be parallel to the edge of the frames. It is not, however a critical parameter of the process because precise orientation of the threads in relation to the edge of the photographic masks produced is possible with the use of a microscope. The precision of mapping of the photographic masks on the screens has an important influence on the precision of the screening process. It is also necessary to make a precise selection of substrate plates and to prepare them properly for the printing process. The substrate material, its curvature, convexity, parallelism of surfaces, tolerance of dimensions and roughness of surface will have an influence on the quality of the printing processes. If the parameters of the plates (except roughness)enumerated above exceeds the permissible tolerance, this will cause a change of the distance between the screen and the substrate.
The unstability of this parameter during the printing process results in the prints being non precise.
For MICs it is also necessary to test the thickness of the substrate. This parameter is often not met by producers. 6 Variation of h, Ah, can be as high as 300% in relation to the data given in catalogues, s '6 Measurement of the roughness of the surface of substrate plates is also essential. value of parameter R a < 0,9/am does not influence in any essential way the increases of attenuation of the thick-film MICs. This is indicated by previous investigations s' 6 and shown in Figure 20 .
The parameter, Ra, the influences however the adhesion of the films to the substrate and the precision of making the edges of the conductive strips. Substrates with too small a value, R a < 0,1/am, (e.g. polished sapphire) are not suitable for printing MICs for all of the conductive pastes investigated. 6 The binding agent in the paste, is also of interest as it is responsible, among other things, for the stability of the bonding of the fired film to the substrate. The investigation of adhesion of pastes reported by Gondek, 6 on polished sapphire substrates showed that the best adhesion to smooth substrates is given by pastes containing an oxide carrier.
Furthermore, investigations of adhesion made on Polish ceramic substrates (96% A12 03, Ra < 0,9/am) showed that the best pastes are those containing glazes plus oxides. Pastes in which the role of the carrier was played by glazes showed a somewhat smaller adhesion (ca. 20-32%). Quite a uniform structure of the films and good adhesion was obtained for polished sapphire substrates (0,1 /am < R a < 0,4/am). Such substrates are therefore preferred for use in professional MICs.
Measurements have been made of the Q factor of ASL as a function of firing temperature using various pastes, s'6 and the results have been compared with theoretical calculations and the measurements of other authors. 9'1 The curves are shown in Figure 21 .
It can be seen that as far as total losses for MICs are concerned, higher temperatures of firing are more advantageous. Of course, the firing temperatures cannot be chosen abstractly. They must agree with the catalogue data given by the producers. It is always necessary however to make experimental tests in order to check if the data given by manufacturers is accurate enough.
The investigation of parameters of conductive films made by means of precise screening showed that in many cases they are not yet satisfactory for MIC constructions. Thus there is a need of improvement. Information concerning scientific research in the area of strip constructions 2,s still points to the existence of great difficulties in the precise trimming of the dimension of elements and narrow gaps. Electroerosional electrochemical trimming are those used most often. It has been suggested +'7 that the use of laser trimming or precise abrasive trimming could be used to accurately adjust dimensions. 7 Changes in the dimensions of strip constructions will cause the change of their basic electrical parameters.
Dimensional trimming of the edges of ASL and resonators also gives a reduction in the losses connected with the emission of microwave energy. It allows a decrease of SWR, a precise "tuning in" to the resonant frequency of a chosen microwave resonator, and the improvement of transmission characteristics, T vs f(f), of microwave filters.
Trimming should be considered in any case at the stage of topological design. Resistive strip elements which are to work at microwave frequencies can be adjusted with the use of so-called laser structural trimming. This does not produce changes in the dimensions of strip resistors but only a change in their microstructure. Experiments in this field made in various countries l's are not yet satisfactory enough for this process to be generally used in the production of MICs. One can hope, however, that in the near future, after research has been made on the application of laser structural trimming to strip MIC constructions that the problem will be finally solved.
The remaining stages of the proposed method of production of thick-film MIC's are similar to those in standard thick-film technology. The only change in the process is the introduction of the laser trimming operation in the final microwave circuits. Such a possibility is only practical using laser trimming because it can be done through plates and layers protecting the microcircuits. Figure 22 . In Figure 22 the graphs represent unit attenuation by ASL as a function of frequency. The graph No. 4 represents values of attenuation, a vs (f), obtained by the present authors for Du Pont pastes DP9770 (Pt-Ag) and DP9791 (Au).
The parameters for ASL were computed on the basis of a new design programme 6 (see Figure 16 ). The models of the microcircuits were made by the modified technological process (Figure 19 ) with the application of laser trimming of the edges. The relatively small scatter of attenuation values, a, is evidence of the good results obtained. Graph no. 6, of Figure 22 gives the losses in ASL constructed using thin film technology. 
